INTRODUCTION
Coelomocytes, the immune effector cells of echinoderms, carry out many functions that are also performed by the cellular effectors of the immediate nonspecific defense systems of mammals. Thus, coelomocytes are capable of phagocytosis, chemotaxis, and expression of cytotoxic agents on activation in response to injury or invasion by foreign cells. There are four morphologically distinct types of coelomocyte in the purple sea urchin, Strongylocentrotus purpuratus. The majority of coelomocytes, 66.3 ± 11.6% (mean ± SD), are phagocytes; vibratile cells account for 13.9 ± 9.8%, colorless spherule cells account for 5.1 ± 4.6%, and red spherule cells account for 14.8 ± 8.5% (our unpublished data). Specific functions of the various coelomocyte classes are poorly defined. The phagocytes and the red spherule cells are apparently those that respond to injury, as indicated by their accumulation at injury sites (Coffaro and Hinegardner, 1977; Hobaus, 1979) . The coelomic fluid is itself bactericidal (Wardlaw and Unkles, 1978; Service and Wardlaw, 1985) , and echinochrome-A, contained within the red spherule cells, is a bacteriocidal agent (Service and Wardlaw, 1984) . These cells degranulate in response to bacteria (Johnson, 1969) . Various substances, cells, and microbes injected into the coelom of echinoderms are quickly removed by coelomocytes (Reinisch and Bang, 1971;  Coffaro, 1978; Yui and Bayne, 1983) . Clearance activities have also been observed in vitro where they are assigned to the phagocytic class of coelomocytes (Johnson, 1969; Messer and Wardlaw, 1979; Bertheussen, 1981) . In addition, mixtures of adherent phagocytes from the same or different sea urchin species in culture display cytotoxic reactions (Bertheussen, 1979) .
Coelomocytes have also been implicated in graft rejection. In sea urchins, as in other animals, surgically implanted body wall autografts heal in, whereas allografts and xenografts are rejected. An increase in the rejection rate of any secondarily implanted graft has been reported (Coffaro and Hinegardner, 1977) . These results imply that the cellular rejection system in sea urchins can be generally enhanced by activation, but there is no evidence for recognition specificity as assayed by the effector functions that mediate rejection. Thus, a second set allograft is not rejected at a significantly faster rate than a third party allograft (Coffaro and Hinegardner, 1977) . Nor do repeated injections into the coelom of a variety of substances, such as xenogeneic cells, proteins, viruses, and inert substances, result in detectable increases in clearance rates (Reinisch and Bang, 1971; Coffaro, 1978; Yui and Bayne, 1983) . The immune defense systems of sea urchins are thus entirely nonspecific. Coelomocyte responses to challenge entail rapid alterations in motility, induction of phagocytic and encapsulation functions, and release of cytotoxic factors by degranulation. Similar cytological transformations C) 1992 by The American Society for Cell Biology have been observed when coelomocytes are removed from coelomic fluid (Edds, 1977 (Edds, , 1980 Edds et al., 1983) . These responses involve redisposition of actin filaments and require a rapid transformation of the entire cytoskeletal organization.
This communication concerns a gene, SpCoell, that appears to be involved in a sensitive response of S. purpuratus coelomocytes to minor injury to the organism. The transcript of the SpCoell gene encodes a polypeptide that displays striking amino acid sequence similarity to profilin, a small protein that has both actin and phosphatidyl inositol bisphosphate (PIP2) binding functions (Reichstein and Kom, 1979; Lassing and Lindberg, 1985; Goldschmidt-Clermont et al., 1991a,b) . In mammalian cells, profilin appears to act at the intersection of signal transduction and cytoskeletal organization systems (Leahy et al., 1978; Leahy, 1986) .
RNA Isolation
Coelomocytes from adult sea urchins were drained from the animals after removal of the mouth structures, or "Aristotle's Lantern." The coelomic fluid was poured through sterile cheese cloth and mixed into 10 ml of cold Ca-and Mg-free sea water (CMFSW) (Humphreys, 1963) Heights, IL). The cDNA was either ligated to EcoRI linkers, size selected on a Biogel A-50 column (Bio-Rad, Richmond, CA) and ligated into lambda gt 10 phage, or ligated to BstXI adapters (Invitrogen, San Diego, CA), size selected on a Select-5L spin column with a DNA fragment retention size of <271 base pairs (5', 3'), ligated into pTZ18R-B plasmid (Invitrogen), and transformed into DHlaF' bacteria (Invitrogen). The libraries were amplified once. The average insert size for the phage library was 1.7 kb and for the pTZ18R-B plasmid library was 1.4 kb.
SpCoell Coding Region Subcloned into the pET Expression Vector
The coding region of SpCoell (minus the first 20 amino acids) located in the Bsc9b cDNA between the Kpn I site and the 3' end of the clone was subcloned into the BamHI site of the pET-3a expression vector (Studier et al., 1990 ) using specially constructed BamHI to Kpn I linkers (from the Caltech Microchemical Facility) that restored seven amino acids to the 5' end of the coding region. The construct was transformed into BL21(DE3) bacteria containing the pLysS plasmid that expressed a fusion protein of expected size. The fusion product included the first 11 amino acids of gene 10 and amino acid SpCoell sequence from amino acid 14 to the end of the sequence.
Rabbit Antiserum Against SpCoell Fusion Protein
The 15-kDa SpCoell fusion protein was isolated from the bacterial lysate by acrylamide gel purification. Two hundred micrograms were sonicated with Freund's complete adjuvant and injected intramuscularly in both hind legs of two New Zealand white rabbits. Subsequent booster injections were done with Freund's incomplete adjuvant subcutaneously on the rabbit's back. The rabbits were bled from the ear vein 10 d after the last injection. Blood was allowed to clot overnight at 4°C, the serum was recovered after centrifugation, and stored at -70°C.
Density Centrifugation of Coelomocytes on Percoll
Step Gradients 
Probe Excess Transcript Titration
Probe excess analysis of specific transcripts in varying amounts of total RNA from sea urchin tissues has been described in detail (Lee et al., 1986 This study began with the isolation of cDNA clones from a lambda gtlO library prepared from activated S. purpuratus coelomocyte poly(A)+ RNA (see MATERI-ALS AND METHODS). The initial isolate, pSPT6, was selected on the basis of preliminary data that indicated that the transcript from which it derived is present at significantly higher levels in activated than in control coelomocytes obtained from undisturbed animals. Genome blots demonstrated that pSPT6 contains a single copy sequence. However, as indicated in Figure 1 , pSPT6 includes only a section of the 3' untranslated region (UT) of a coelomocyte message. Further clones were isolated using pSPT6 as a probe, and a composite For sequencing, nested set deletions were generated by digestion with Exo III and mung bean nuclease, and the sequence was determined by the chain termination method (Sanger et al., 1977; Messing et al., 1983) . The clones are shown aligned by restriction sites and are oriented so that the 5' end is at the left. The full-length message is indicated at the top. The open region denotes the position of the ORF and the hatched region denotes an apparently cryptic ORF between the first two stop codons (see text). Arrow, start codon; triangles, stop codons; H, HindIII; R, EcoRI; K, Kpn I; S, Sac I; P, Pvu II; AAA, poly(A) tail.
map of the complete 4 kb transcript, which we have termed SpCoell, is shown in Figure 1 . The sequence of the SpCoell mRNA is given in Figure 2 . An open reading frame (ORF) begins at nt 599 (as numbered from the 5' end of the transcript), and the first stop codon is located at nt 1025. This defined an ORF of 426 nt, which encodes a rather small 15.3-kDa protein of 142 amino acids. A second stop codon does not occur until nt 1301.
Were the stop signal at nt 1025 read through, the protein would then include 92 additional amino acids and its size would be 25.9 kDa. Numerous stop codons occur immediately after nt 1301. The stop codon at position 1025 is real and functional, however, at least in an in vitro translation assay. RNA was transcribed in vitro from clone Bsc9b (see Figure 1) , which contains the whole of the relevant region, including some of the 5' UT region, the start codon, the first and second stop codons, and about half of the 2.7 kb 3' UT sequence. When added to a commercial wheat germ lysate, this RNA directed the translation of a 15.3-kDa protein, just as expected if translation indeed terminates at nt 1025.
SpCoell Amino Acid Sequence Comparisons
The SpCoell amino acid (a, a) sequence shown in Figure  2 was used to search the protein sequence database. The best match to the protein encoded by the SpCoell ORF is with the widely distributed protein profilin. As shown in Figure 3A , 72 of the 142 amino acids encoded TATTTAGTCT  TAAATACCAA  AAAACTTTCC  AGGCATGTCA   ATTTTTTTCT  TTTAAAAGAC  ATGGAACCTA  TTTTTCATGT  TTCTTAAAAT  AATACCATCC  ACATTTTGTT  CTAGGATCTA   GGCCCCAATT  TATATACATG  TACATGTATT  CACTATTATG  TATATATCAC  GTAAAAACAA  AAATCTATAC  ATAAATACAA   TATGTTTAAT  TCAATAGCTG  AAGGTAGTGG  AAATAGAAAA  TCAAAACGAA  TCTAATAGCA  CATCAGTTGT  ATAGAAATGC  TGAATTTTTG  TTGAAAATCT  ACCAAGTACC  CTGGCTTCCT  TTCGTAGAGA  GTCATGCATG  GCCCAAATTT  TACATTTATA  ACGTTCTACC  AATTAANATG  AGGAGAATTA  CATTCTAGCC  TATTGTCTCA  AAAAAAAAAA   TTGAAGAAAC AAAATATGTA TCTTGAGTAC  TTATAAAGAA AAGAAACCCT AATCCATTAA  TTTACCTTGT ATAAAAACAT GCAACAGCTG  TGTTATGAAA GTGATTTTGT AAAGAAGAAC  GGATTTGGAA GATTTTTTTC TTTCTTTTGC  ATTGGCTATT GTGTGCAGCA CTTCTAACAA  ACAATGTTGT CCATGAAGGC AATTAGATAG  ATGATGTTAA CTACAGATTT TCATTTGTCA  TTTTATAAAG TTATTATGGT ACAATTCTGA  TTGTAATTCA TAAACTTGAT CTTAACCATT  TAAATTCTTA CATTTTAGCC AAGATAAAAT  GAGAGAAAAA AGCATACCCC ATGATGCAAC  GTAAATCATA AATTGCAACA TTACCCCCCA  GTTTCCCTTT TAACAGGGTA TGATTGCNGA  CTACATGTTA GAAAACAGTA CAGAGTTTGC  TATACATATA TATATATATA TATATATATA  TAAATTTGTG GCTAGCGCAG Figure 3B , reveals a surprising 28% similarity, in almost perfect registry, with a portion of the human and rabbit low-density lipoprotein (LDL) receptor that includes the transmembrane sequence. Identities between SpCoell and the human and rabbit sequences are found throughout this portion of the sequence. The human and rabbit proteins include four amino acids, NPVY, that are located just inside the plasma membrane. The tyrosine (#805 in the rabbit) at the end of this diagnostic sequence element is necessary for binding the LDL receptor to clathrin-coated pits during internalization (Chen et al., 1990) . The SpCoell sequence lacks the NPVY element, except for the tyrosine, which occurs in the SpCoell sequence in exactly the same relative position as in the LDL receptor ( Figure  3B , amino acid 215; this tyrosine is highlighted on a black background).
SpCoell Expression in Adult Tissues
An RNA blot hybridization study of SpCoell expression in adult tissues is shown in Figure 4 (see MATERIALS AND METHODS). Testis, ovary, and gut showed almost Figure 5 shows that all four cell fractions produce the SpCoell protein. However, the phagocyte-enriched fractions appear to contain more than do the other types of coelomocyte (compare lanes 1 and 2 with lanes 3 and 4 on Figure 5 ). The small phagocytes (lane 1) appear to have more SpCoell protein than do the larger phagocytes (lane 2). The coelomocytes display only the 15.3-kDa protein, indicating that the first stop codon is indeed utilized by these cells and that a transmembrane region is not present in the protein.
To obtain a more detailed analysis of SpCoell representation in coelomocytes of different types, the rabbit antiserum was used for a cytological immunofluorescence study. As shown in Figure 6B, Figure  6, A and B) . Although it is not easily seen in Figure 6B , the small phagocytes stain more intensely than do the other cell types, as expected from the antibody blot shown in Figure 5 . Because positive and negative cells are adjacent to each other on the same slide, it seems unlikely that any difference in fixation or treatment could account for failure of some of the large phagocytes to stain, although local effects cannot be formally excluded. The SpCoell protein is clearly not mounted on the cell surfaces, because unfixed live cells appear uniformly negative.
SpCoell transcripts were also detected in coelomocytes by in situ hybridization ( Figure 6C ). An antisense RNA probe made from clone Bsc9b was hybridized to Percoll separated coelomocytes. Transcripts are present in all cell types, including all of the phagocytes. Because some cells apparently fail to react at all with the antibody, while all contain the SpCoell message, this suggests that some of the phagocytes either do not translate the SpCoell transcript, have in some way eliminated the SpCoell protein, or that the determinants recognized by the antiserum are masked when the SpCoell protein is associated with other molecules.
SpCoell Transcript Titrations
Preliminary analyses on coelomocyte RNA collected from sea urchins that had been injected with S. franciscanus coelomic fluid indicated that this treatment induces an increase in SpCoell transcript level, as compared with "unactivated" or "normal" coelomocytes (e.g., in Figure 4 , compare lanes 4 and 5). In further experiments, we found that four injections of S. franciscanus coelomic fluid over 5 d resulted in a higher transcript level per cell than one injection alone. Preliminary cell count data indicated that there are no gross variations in coelomocyte populations in response to this physiological challenge. Nor have proliferative responses of mixed coelomocytes in vitro been found (Bertheussen, 1979) . The increases in SpCoell transcripts after injection are thus due to changes in the number of transcripts per average responding cell, rather than to changes in the relative sizes of the coelomocyte populations.
Groups of six sea urchins were used to analyze in more detail the time course of SpCoell transcript changes in response to various treatments (see MA-TERIALS AND METHODS). Probe excess titrations (Lee et al., 1986) carried out on total RNA extracted from these pooled coelomocytes yielded the average values of SpCoell transcripts per cell shown in Figure 7 . All experimental groups displayed elevated levels of SpCoell transcript, compared with controls, as early as receiving 50 ul of coelomic fluid from S. franciscanus displayed a peak transcript level at 24 h, and the level has returned to normal by 6 d.
The sea urchins used in this study were from wild populations collected subtidally between Corona del Mar and San Diego, California. Though they were held under carefully controlled conditions in our large-scale culture system (Leahy et al., 1978) for several weeks before use, they could have retained significant physiological differences that might have affected our results. To examine individual responses, SpCoell titration measurements were carried out on coelomocytes prepared from single experimental and control animals treated as above. All the coelomocytes from an individual were needed for a single transcript titration measurement, and thus only one time point per animal could be examined. The coelomocytes were collected 1 d after the final treatment, i.e., the time at which the maximal response had been observed in the previous experiments (Figure 7) . The results are displayed in Figure 8 . Pairwise comparisons using Student's t test and Duncan's multiple range test were used to determine the significance of the differences observed between groups. The results of both tests showed that the experimental groups had significantly elevated mean transcript levels per cell, compared with controls, with a hierarchy of statistically significant differences among these groups. Animals receiving a single needle-hole injury per day, and those that had 50 ,ul of their own coelomic fluid withdrawn and reinjected, displayed levels of SpCoell per cell that were slightly above normal. (By Student's t test, the one-time injury and sham-injected distributions are both significantly different from the pooled controls at the p = 0.02 level of significance but are indistinguishable from one another.) When foreign cells were injected or if the animals were injured 10 times per day, a much greater significant difference was noted in comparison with the normals. (By Student's t test, the 10 times injury and the 150-,ul S. franciscanus coelomic fluid injection distributions differ from the controls at p < 0.005 and p < 0.0005 levels of significance, respectively.) These data suggest that the sea urchin coelomocyte defense system is extremely sensitive to physiological challenges, that it is easily activated, and that it responds to varying amounts of injury but does not differentiate between different types of injury. The most likely interpretation is that the animals are only responding to injuries from the needles and irritations from the foreign cells.
In general, as Figure 8 shows, the results for the individual animals within an experimental group were coherent. However, within the group receiving 50 ,l of S. franciscanus coelomic fluid, one animal had 138 transcripts per cell, by far the highest value seen in any of marized in Figure 3 . The most closely related proteins are those from other echinoderms, which display a 73 to 75% similarity to SpCoell. Profilins from Acanthamoeba and the fungi are -35% similar, and individual mammalian profilins are '20% similar.
It has been shown that profilins bind to actin and to polyphosphoinositides (Lassing and Lindberg, 1985, Figure 6 . SpCoell expression in coelomocytes by immunofluorescence and in situ hybridization. (A) Four types of coelomocytes by Nomarski optics. Coelomocytes were removed from the animal, diluted into an equal volume of CMFSW-EDTA, and separated on a Percoll step gradient. (Cells used for negative controls, shown in the bottom photographs, were not fractionated.) The cells were then spun onto poly-1-lysine-coated slides using trunion carriers in an IEC refrigerated centrifuge at 576 X g for 5 min at 4°C, fixed immediately in cold 4% paraformaldehyde in CMFSW-EDTA for 2 min, and washed in CMFSW. These are paired photographs to the immunofluorescent photos in B. Arrow heads indicate the subpopulation of phagocytes that are positive for SpCoell protein expression. All cell types were photographed at 40X magnification; scale bar = 10 uM. (B) Immunofluorescent staining of coelomocytes. Separated fixed cells were preincubated in a humidified chamber at room temperature in blocking buffer (CMFSW-EDTA containing 10% normal goat serum, 1% BSA, 0.01% nonidet P-40) for 40 min, followed by a 1:200 dilution of rabbit anti-SpCoell in blocking buffer for another 40 min. The secondary antibody was goat-anti-rabbit IgG labeled with Cy3, diluted 1:120 in blocking buffer. The unfractionated cells in the bottom photograph were stained with normal rabbit serum diluted 1:200 in blocking buffer, followed by the goat anti-rabbit IgG secondary antibody as above. Cells were observed in an Olympus photomicroscope equipped with an Olympus exposure meter and an ultraviolet light source. Kodak ASA 400 print film was exposed for 2.5-5 s depending on staining intensity. All cell types were photographed at 40X magnification; scale bar = 10 AM. (C) In situ hybridization of SpCoell on coelomocytes. Hybridization of antisense riboprobes labeled with 35S-rUTP to mRNA in density centrifugation separated coelomocytes was carried out according to Rothenberg et al. (1990) Goldschmidt-Clermont et al., 1991a) . from one profilin to another in binding to 4 or polyphosphoinositides, or both, seem to part on the isoelectric point of the profilin. F4 profilin isoforms from Acanthamoeba (Ampe 1988b; Pollard and Rimm, 1991) , profilinare acidic (pI = 5.5) and bind well to acti profilin-II is basic (pl = 9) and binds mode to both actin and PIP2, although it is proba associated with PIP2 (Machesky et al., 199 from human platelets is basic (pl = 9) and to both. In addition to the overall pI of profil differences are also due to the amino acid positions 24, 50, and 66 as numbered in Ac, profilins (see Table 3 of Machesky et al., 19 and Brown, 1990) . SpCoell is similar to p these positions (31, 65, and 81 numbered a Figure 3A ) where all three are lysines. Prc histidine, lysine, and arginine, whereas pr leucine, asparagine, and histidine. SpCoell more likely to bind well to PIP2, as does Aci profilin-II, due to the lysine at position 65 the deduced isoelectric point of the SpCoel acidic (pI = 6.1), suggesting that it should to actin. Because only a single profilin or I gene can be detected in S. purpuratus (as ii the SpCoell protein might be expected to bind both actin and PIP2 .
Possible Functions of SpCoell
Profilins are thought to provide a regulatory linkage between the phosphatidyl inositol signal transduction pathway and cytoskeletal transformations, because binding of polyphosphoinositide metabolites is exclusive of binding to actin subunits Lindberg, 1985, 1988) . Transient or prolonged interactions between profilin and actin can promote or block filament polymerization (Goldschmidt-Clermont et al., 1991b) . When bound to polyphosphoinositides, profilin also prevents their hydolysis by phospholipase C (Goldschmidt- Machesky et al., 1990) , except when the phospholipase C has been phosphorylated by tyrosine kinases such as are activated by growth factor receptors (Goldschmidt-Clermont et al., 1991a (Coffaro and Hinegardner, 1977; H6baus, 1979) or the or the three presence of bacteria, foreign cells, or inert objects et al., 1985, (Johnson, 1969; Bertheussen, 1981 )filin-II has remote injury has occurred, and the cytoskeletal reor--ofilin-I has ganization involved in its response. 1 would be anthamoeba Evolutionary Implications * . However, The echinoderm cellular defense system responds to 1 protein is challenges with a form of nonspecific cellular activation, bind better which exhibits some similarities to the nonspecific priprofilin-like mary line of cellular defense in mammals mediated by n humans), granulocytes, macrophages, and perhaps natural killer cells. Sea urchins apparently survive quite well without immune recognition specificity. The effectiveness of their defense systems is suggested by the long evolutionary history of this taxon and by the current large population size of species such as S. purpuratus. Furthermore, these animals are individually long lived. Some have survived many years in our laboratory, and they display remarkable abilities to recuperate from infections and injuries. The intrinsic usefulness of this nonadaptive cellular defense systems is clearly rooted in coelomocyte responsiveness, of which we here provide an initial molecular parameter. Sea urchins share a deuterostome ancestry with the chordates, and their coelomocytes may function in a way that is homologous with some elements of the nonspecific primary cellular defense system of chordates. Perhaps the adaptive components of the vertebrate immune system also evolved from simpler migratory cells endowed with various effector functions activated in response to diffusible systemic signals, i.e., from cells much like the coelomocytes of modern echinoderms.
